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(ABSTRACT)- VOLTAGE CLAMP TECHNIQUE FOR PHYSIOLOGICAL 
EXPERIMENTATION ON ELECTRICALLY EXCITABLE MEMBRANES 
Voltage clamp technique has been limited to living 
tissue with large cells since it has been necessary to insert 
two electrical probes into a single cell of the tissue. The 
insertion process has required great care to insure that the 
cell continues to function properly and without significant 
variation during the course of the experiment. Typically, 
one probe is used to measure the cell's electrical potential 
while the other provides the necessary current to maintain 
rest potential during the course of electrical, mechanical, 
or chemical stimulation. 
In dealing with smaller cells, only a single micropipette 
probe may be inserted without instantly causing extensive 
cell damage. Therefore, I pursued the possibility of developing 
an electronic device which would permit the voltage clamp 
experiment to be performed with a single micropipette probe. 
An electronic device was designed and assembled which 
utilized a single living cell in series with a micropipette 
probe as one leg of a Wheatstone Bridge. Electrically, this 
cell/probe combination appears as a D.C. voltage source with 
a high series resistance and shunt capacitance. Since the 
majority of the series resistance and shunt capacitance is 
due to the probe and not the cell, the only parameter that 
changes significantly during cell stimulation is the D.C. 
voltage level. This level is representative of the degree 
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6t  cell activity, and is called rest potential in the case 
of the unstimulated cell. Electrical current into or out of 
the micropipette probe provides a source of anti-stimulation 
allowing rest potential to be maintained during stimulation. 
The electronic device was designed in such a way that 
rest potential, series resistance, and effective shunt 
capacitance could be measured and dialed into the opposing 
leg of the Wheatstone Bridge. The opposing leg would therefore 
contain the electrical analog of the cell/probe combination 
in the resting state. 
After dialing in the electrical rest state analog, an 
electronic feedback loop is closed in such a way that the 
current into or out of the micropipette probe is proportional 
to the difference between the cell/probe combination and its 
electrical analog. This current acts as the necessary anti- 
stimulus during the experiment, and its magnitude as a 
function of time is representative of cellular ionic flow 
during stimulation. 
To test the device, a micropipette probe was made and 
a single muscle cell within the leg of the Horshoe Crab, 
Limulus polyphemus, was tested. The muscle tissue was 
immersed in filtered seawater. A polaroid photograph of the 
output signal was taken, and the response seemed reasonable. 
No long term physiological research was attempted, so 
the actual validity of the device was not fully established. 
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VOLTAGE CLAMP TECHNIQUE FOR PHYSIOLOGICAL 
EXPERIMENTATION ON ELECTRICALLY EXCITABLE MEMBRANES 
It has been known since the turn of the century that a 
potential difference in the range of 20 to 100 millivolts 
exists across the membrane of most cells in their unstimulated 
state. This is known as resting potential. The inside of the 
cell (the cytoplasm) is negative with respect to the outside. 
If the cell is stimulated by some means, an action 
potential occurs in which a polarity reversal takes place. 
The cell's cytoplasm momentarily reaches a potential of +20 
to +150 millivolts with respect to the outside, and the 
duration of the action potential is typically 0.5 to 1.0 
milliseconds. The waveshape is triangular. 
A cell may be regarded as a porous bag of fluid. The 
bag is the membrane, the fluid is the cytoplasm, and the 
whole thing is surrounded by a pool of extracellular fluid. 
Electrical potentials develop across the membrane due to 
differences between the extracellular and intracellular fluids, 
The differences arise partly from the inability of some large 
molecules to pass through the semipermeable membrane and 
partly from the action of energy-consuming (chemical) 
processes in the membrane that transport ions in a preferred 
direction through the membrane. The active pumping of ions 
through the membrane against their concentration gradients 
causes a separation of electrical charges, resulting in a 
rest potential across the membrane. 
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Studies have shown that the constituents primarily 
responsible for the electrical properties of the cell are 
sodium chloride, potassium chloride, and the salts of certain 
amino acids that are found inside the cell. The cell membrane 
is relatively permeable to chloride ions, but the large 
negatively charged amino-acid radicles cannot penetrate the 
membrane and are the primary source of the negative resting 
potential. Due to chemical processes, sodium ions tend to be 
transported out of the cell, while potassium ions tend to be 
transported into the cell. Since ions are constantly being 
transported bi-directionally across the membrane, resting 
potential is a steady state condition rather than an 
equilibrium condition. 
Trying to understand ionic mobilities through the cell 
membrane during action potential has been an area of great 
interest. A method known as voltage clamp technique was 
developed in the 1950s and has been used to study changes in 
membrane permeability to various ions during an action 
potential in the case of nerve cells and during contraction 
in the case of muscle cells. 
A living cell membrane is said to be held under voltage 
clamp if the potential across the membrane has a known and 
controlled value at all times. The measured parameter is the 
magnitude and direction of the current which must be driven 
through the membrane to maintain a particular level of voltage 
clamp while the cell is undergoing electrical stimulation. 
h 
An increased current flow across the cell membrane from 
outside to inside during stimulation indicates a tendency 
for anions to move from inside to outside and or cations 
to move from outside to inside the cell. A reversed current 
flow indicates a tendency for these ions to move in the 
opposite direction. The magnitude of the current is pro- 
i 
portional to the number of ions which tend to move. 
The determination of which ions flow during stimulation 
can be made by placing the cell in various extracellular 
fluids. To study calcium flow during stimulation one would 
place the cell in a fluid containing a high calcium ion 
concentration. It would then be possible to compare the 
resulting voltage clamp response with that resulting from 
a fluid containing a high sodium ion concentration. 
Voltage clamp technique has been limited to large cells 
since it has been necessary to insert two electrical probes 
into a single cell. One is used to measure membrane potential 
while the other is used to drive the necessary current into 
the cytoplasm to maintain voltage clamp potential during 
stimulation. In dealing with smaller cells, a single micro- 
pipette probe is all that may be inserted. This thesis will 
describe the design and testing of an electronic device which 
allows the voltage clamp technique to be performed with only 
a single raicropipette probe. 
HISTORICAL BACKGROUND 
The voltage clamp technique was first introduced by 
Cole in 1949. The technique was improved upon by Hodgkin 
during 1949 - 1952. The famous squid giant axon experiment 
was first performed by Hodgkin and Huxley in 1954. Further 
squid axon experiments were performed by Tasaki and 
Spyropoulos in 1958. 
A great deal of voltage clamp work was performed in the 
latter 1950's on isolated single nodes of myelinated nerve 
fibres. Such researchers as del Castillo (1957), Tasaki 
and Bak (1958), and Dodge and Frankenhauser (1958 - 1959) 
were involved in this area. 
Motorneuron voltage clamp experiments were also performed 
during this period by Terzulo and Aroki (1959) and Frank 
(1959). Marine nerve cells were clamped by Hagiwara and 
Saito in 1959, and frog muscle end plates were clamped by 
Takeuchi during 1959 - I960. 
Added interest developed during the 1960's and early 
1970's, and the technique has been applied quite successfully 
to a variety of nerve and muscle tissue not attempted earlier. 
However, there is no doubt much work left to be done using 
this technique. 
ELECTRICAL ANALOG OF CELL/PROBE COMBINATION 
It was necessary to fully understand the electrical 
characteristics of a micropipette probe Inserted Into a 
single cell before the design of the voltage clamp device 
was attempted. The electrical characteristics of the reference 
electrode located in the extracellular fluid was also important. 
Figure 1 diagrams a micropipette probe inserted into a cell. 
There are four sources of electrical potential. The 
first is at the interface between the electrode and the 
electrolyte in the micropipette probe. The second is at the 
interface between the electrolyte and the cel^s cytoplasm. 
The third and primary source of potential is across the cell 
membrane. The fourth is at the interface between the extra- 
cellular fluid and the reference electrode. 
There are five sources of resistance in the circuit. The 
first is the micropipette electrode resistance. The second and 
primary source of resistance is the micropipette probe 
electrolyte. The third is the internal resistance of the cell's 
cytoplasm. The fourth is the resistance of the extracellular 
fluid. The fifth is the resistance of the reference electrode. 
Although the tip of the micropipette probe interfaces 
directly with the cytoplasm, the area directly above the tip 
is surrounded by extracellular fluid. The result is a distributed 
capacitance between the micropipette electrolyte and the 
extracellular fluid. The micropipette*s glass acts as the 
7 
dielectric material. 
Figure 2a is a schematic diagram of the cell/probe 
combination. Notice that the membrane potential is represented 
as E(t) since it changes significantly during external cell 
stimulation and electrical anti-stimulation. 
Fortunately, a simplified schematic results if certain 
materials are selected and if the relative magnitudes of the 
potentials and resistances are considered. Also, the distributed 
capacitance can be represented by a lumped capacitance. 
By using 3 M potassium chloride (KC1) as the micropipette 
electrolyte, excellent electrochemical compatibility exists 
at the probe/cytoplasm interface and negligible potential 
develops. The KC1 is also a good choice because of its low 
electrical resistivity. 
The use of chlorided silver wire as the micropipette 
electrode and as the reference electrode prevents significant 
potential from developing where they interface with the 
micropipette electrolyte and the extracellular fluid. This 
allows mors accurate measurement of resting potential. 
The resistance of the electrolyte in the micropipette 
probe is on the order of megohms. Therefore, the other four 
resistances mentioned previously may be dropped from the 
schematic? Also, the distributed capacitance between the 
micropipette and the extracellular fluid may be treated as 
as a lumped parameter. Figure 2b represents the simplified 
schematic* which was used to develop the voltage clamper. 
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SINGLE PROBE VOLTAGE CLAMPER CONCEPT 
Now that the electrical analog of the cell/probe com- 
bination ha8 been established, I will describe the concept 
of a single probe voltage clamper from an electrical 
standpoint. It was from this concept that all the electronic 
hardware was developed. 
The cell membrane potential can vary significantly 
during cell stimulation. Voltage clamp technique is only 
suitable for electrically excitable membranes because 
electrical current must have the ability to act as an anti- 
stimulus; otherwise it is impossible to clamp the voltage at 
the desired level. 
Current applied to the electrical analog of the cell/ 
probe combination does not cause any change in the simulated 
membrane potential, however, current applied to the actual 
cell/probe does cause a change in cell membrane potential. 
If equal currents are applied to the cell/probe and its 
analog, the voltage drops across each will be the same only 
if the actual cell potential is equal to the simulated 
potential. 
The clamper's task is to apply equal currents to the 
cell/probe and its analog such that the voltage drop across 
each is as equal as possible. The current is applied so as to 
bring the membrane potential back to its resting state, and 
the magnitude is proportional to the difference in voltage drops, 
9 
VOLTAGE CLAMPER ELECTRONIC CIRCUITRY 
The basic circuit diagram for the clamper is shown in 
Figure 3. I will proceed by analyzing this circuit to show that 
it will indeed function as required. 
The triangular boxes represent differential operational 
amplifiers with infinite input impedance, zero output impedance, 
and gains of 1C., Kp, and K,. The purpose of the following 
analysis is to find V„ in terms of V, and V~. 
First V, will be solved for in terms of V, and V„. Refer 
to Figure 1*.  By converting to a Norton Equivalent and combining 
V   V 
current sources and impedances, V, = (sr- + -=*•)  X (Z), where Z 
3
   
Kl  H2 
is the parallel combination of R., R-* and C-. Using Laplace 
R1R2 Transforms, Z = „-—^-=—+ R R SC  and multiplying terms gives 
V R + V R 
v ..    7 1   12 3 " R1 + R2 + WV 
Next V. will be solved for in terms of V_ and V„. Because h 2     7 
of circuit symmetry, a direct analogy can be made to the 
preceeding case by replacing V.. by V_, R, by R,, and R„ by R, . 
V R + V R 
Therefore, V^ =   / ? + RJR7sC9 ' 
Now, V5 = K2V3. Therefore, V? -^ \ ^ I  ^^ . 
K_(V„R, + V.R.) 
Also     V,   =   K  V        Therftforc     V.   -        ■?     <■   2 g  *f XSO,   v6 - A v .   m ei e,  v& R + R . 
3       k       3 k    2. 
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Finally, V„ can be expressed in terms of V. and V_. 
V„ a ^(Vg - V,-) as seen from Figure 3. Therefore, 
«,(y, + vA)    K2(V7BI.VA) 
v7   lv R, + R^ + R,R.SC2    R-L + R£ + R^g80! 
After extensive algebraic manipulation, the result is: 
VgCSK^K-R-jI^R. C., + K.K,R. (R1 + R2>)  - 
v 
Vl(S¥2¥AC2 + W2(B3 * V> . 
7 = 2 S RnR—R—R. C-, C~  + 12 3^12 
S(R1R2C1<R3(1 - KJKJ) + R^) + R^C^R^l + KjKg) + R2>) + 
(R1R3(1+K1(K2-K3)) + R^d-K^j) + R^d+K^) + R^) 
Now a simplified version of the above will be considered by 
letting R s R = R^, R2 = R = R , and K2 = K, = K. Then: 
V2(SHARB201 ♦ SB(BA + K,))  - 
v  _ _.     v1(SBAaB2c2 ♦ VRA ♦ »,»  
V7 - KTK^ p_ 2_ 2 2 '* S\\  ClC2 ♦ (RA + RB)    + 
SRARB(C1(RA(1 - K-jK) + RB) + C2(RA(1 + ^K) + Rfi)) 
The steady state system gain is determined by letting S = 0. 
(V2 - V )R 
The result is V\, = K, K =— p   . The system natural 1
 -
1
 
RA + RB 
frequency and damping factor may be determined by putting the 
2 2 denominator into the form: S + 26w_S + w_ . 
n 
RA + RB The natural frequency w = — 
*  
RARB^I 
CARAl-K^K)  +  RR) + C-(R.(1+K.K) + RR) 
The damping factor b = -±— x     D ^— *   , 
2^C^(RA + RB) 
A damping factor less than or equal to zero causes the 
system to be unstable. This occurs if: 
C1RAK1K ^ C1(RA + RB) + C2(RA(1 + K1K) + RB)* 
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An interesting solution to the damping equation occurs when 
C, = C-. In this case, the damping factor is equal to one and 
independent of all system gains and resistances. This provides 
the fastest system response without overshoot. 
Now suppose that V, is the electromotive force provided 
by some living tissue and that R, is the membrane resistance 
plus the resistance provided by the micropipette probe (refer 
to Figure 2B)) Let amplifiers Kp and K, be operational 
amplifiers with field effect transistor input stages whose 
input impedance is 10  ohms//5 pf. Previously, capacitors 
C. and C- were included to represent fche input capacitance of 
these amplifiers, probe capacitance, and stray capacitance. 
The amplifier's input resistance on the other hand is high 
enough compared to R, through R, to allow it to be omitted 
from the analysis. If ^ = R,, R2 = R , and K2 = K,, then 
the system would be balanced with V„ = 0 when V, = V-. 
If the living tissue generating V, is electrically, 
mechanically, or chemically stimulated, and V, tends positive, 
then V, and VV would also tend positive and therefore V„ would 
tend negative. Current would then be drawn out of the membrane 
which would act to bring the membrane voltage back to its 
V - V 7   1 
original value. The magnitude of the current would be —i — 
Rl + R2 
Since the value of V. is typically only + 60 millivolts, the 
V7 current I ,   = -—'- ■- ■ ■. A positive V„ implies current is 
clamp  R1 + R2*   *       7 
being driven into the membrane, while a negative V„ implies 
current is being pulled out of the membrane. 
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The concept of this single probe voltage clamp device is 
to simulate the membrane rest potential V^ with a TOItage 
source V, and the membrane plus micro-pipette probe resistance 
R, with a variable resistor R,. Thus V^ and R, form an 
internal standard such that a change in membrane potential 
(ie, an action potential) can be sensed. This in turn permits 
the appropriate clamping current to be applied to the membrane 
to return it to its initial rest potential. 
In order to set the internal standard, a determination 
of the membrane rest potential V. and total series resistance 
R1 must be made. See Figure 5» The membrane rest potential is 
determined with the switch in position 1. Since R„ and R, are 
out of the circuit and the input resistance of K and K, is 
essentially infinite, membrane potential V appears at the 
positive terminal of Kp and the simulated voltage V_ appears 
at the positive input terminal of K . With gain K2 = K = K, 
the galvanometer reads zero only when Vp » V.. Thus the 
appropriate adjustment of V_ can be readily made. 
To simulate the total series resistance, the switch is 
thrown into position 2. Now the input resistance at K is R_ 
and the input resistance at K, is R. . With R_ = R. and V.. = V^. 3 k 2   k 1   2* 
the galvanometer will read zero only when R1 = R_.  The value 
of R, must be readable through the use of microdials and 
selector swatch settings since it will be used in determining 
clamp. 
With Vp and R, properly set, the membrane may now be clamped 
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by throwing the switch lato position 3. la this position 
Figure 3 is again represented. Before membrane stimulation, 
the system is balanced, hut during stimulation, the Toltage 
appearing at the oscilloscope as a function of time is 
V?(t) 
representative of the clamp current I la_ (t) = p f>    R . 
In order for the voltage clamp response to he accurate, 
the frequency response of the system must be considerably 
faster than the frequency response of the stimulated mem- 
brane. Typiwally in nerve tissue the action potential is 
completed in less than 1 millisecond. This would correspond 
to rise and fall times of 0.5 millisecond. In such a 
situation, a system rise time of 50 microseconds would cause 
a system error of about 10%. 
The system response is primarily determined by C. and 
the parallel combination of R, and Rg. A typical micropipette 
has a series resistance of 10 megohms, and the value chosen 
for RB was also 10 megohms. The resulting system time constant 
c 
would be (5 X 10 )(C.) and the rise time would be 
c 
(2.2)(5 X 10 )(C_). To achieve a 50 microsecond rise time, the 
value of C_ would have to be if.5 picofarad. 
To minimize 60 Hz hum entering the system, shielded cable 
would typically be used between the micropipette probe and the 
input amplifier. In this system shielded cable would add to the 
value of C. and would therefore reduce the frequency response. 
For this reason, amplifier K2 was built into a small metal box 
which attached directly to the probe. It was then placed inside 
Ik 
a grounded metal cage along with the membrane under study. 
Further reduction of C, can be achieved by a technique 
called neutralization. See Figure 6. The transfer function Is: 
V±aK 
Vout - (1 + SRln((C±n  ♦ CH) - CNK» ' Ther8fore' if 
(Cia + CN) a CJJK, then V t « ^±n'  Under tnes« conditions, 
Input capacitance C._ Is totally neutralized out. 
Complete neutralization cannot be achieved In a physical 
system. The amount of neutralization possible depends on the 
frequency response of the amplifier. High frequency oscillation 
occurs before complete neutralization is reached. The feedback 
capacitor is adjusted just below the point of oscillation. 
Amplifier K2 was operated at a gain of 1.25. At this gain 
approximately 20 picofarads Is required to neutralize 5 
picofarads of input capacitance. A 7 - 45 picofarad trimmer 
capacitor was used as a positive feedback element and was 
adjusted just below the point of oscillation. The gain of 1.25 
was selected because it was sufficient for neutralization and 
gave amplifier response in excess of 1 MHz. Neutralization to 
about 1 pf was possible. The resulting system rise time was on 
the order of 15 microseconds, sufficient for an accurate 
voltage clamp response. 
Amplifier K, was also operated at a gain of 1.25, and was 
neutralized such that the effective value of C_ was the same as 
the effective value of CL. This gave an overall system damping 
factor of 1, as explained on page 12. 
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The voltage clamper was powered by batteries so that no 
hum or noise could be present on the power supply lines. The 
clamper, battery power supply, mlcroplpette probe, and membrane 
were placed In a grounded metal cage. In spite of these 
precautions, 60 Hz hum still appeared at the output of amp- 
lifier K-. It was discovered that the hum was entering the 
system at the mlcroplpette probe. Hum appeared at the output 
of amplifier K,* but not at the output of amplifier K... 
As a result, amplifier K, was amplifying the hum 100 times, 
and the output exceeded 1 volt RMS. This inhibited the 
operation of the clamper. 
The problem was effectively solved by introducing a 
GO  Hz sine wave from the power lines to the inverting terminal 
of amplifier K^. It was noted that the hum being picked up by 
the micropipette probe was essentially in phase with the power 
lines, so only an amplitude adjustment had to be made for 
nulling purposes. The hum level at the output of amplifier 
K, was adjusted to closely match that at the output of Kp, 
and the differential operation of amplifier K, allowed nulling 
to occur. Over kO  decibels of hum rejection was possible by 
careful adjustment, and operation of the clamper was now 
possible. 
The basic electrical schematic of the voltage clamper is 
shown in Figure ?. The use of 250K and 1 meg resistors gave 
the input amplifiers a gain of 1.25 as described earlier. The 
trimmer capacitors were used to neutralize the input capacitance. 
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The use of 10K and 1 meg resistors gave amplifier K. a gain 
of 100. The membrane rest potential was simulated by potent- 
iometer R_ which provided a range of + 300 millivolts. Variable 
resistance element B- simulated micropipette resistance R.. 
Switch S« in the hum nailer was set for proper phasing, and 
coarse and fine balance potentiometers R/> and R„ were used 
for the actual nulling proceedure. 
Figure 8 shows a detailed schematic of the preamplifier 
portion of the clamper. The 10K input offset trimmer 
resistor is shown as well as the 1 ufd. tantalum capacitors 
which were used to decouple the ZA903M1 amplifier from the 
power supply lines. 
Figure 9 shows a detailed schematic of the main clamper 
control unit. Meter Ml is a 100 - 0 - 100 ua meter which is 
diode protected so that small deviations from zero can be 
indicated without meter damage when large deviations are 
present. Also notice that resistor R, as shown in Figure 5 
really consists of 10 fixed resistors, 2 selector switches, 
and a potentiometer. Decoupling capacitors and trimmer resistors 
for both amplifiers are also shown. 
The Zeltex ZA903M1 operational amplifier has hhe 
following characteristics: 
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a. Input Impedance: 10  ohms in parallel with 5 pf. 
b. Drift Characteristics: 5 uV/°C, 10 uV/month. 
fc. Input Current: 10 picoamperes. 
d. Output Voltage at + 15 volts power supply: + 10 volts. 
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e. Output Curreat: + 7 milliamperes. 
f. Open Loop Gala: 100 db into a l.ifK load. 
g. Frequency Response: Unity Gain Q k MHz. 
As can be seen from the characteristics, the amplifier 
has high gain, high Input Impedance, and very low drift. The 
high mlcroplpette probe resistances encountered along with 
the necessity for the system to have DC response dictates the 
reason why the ZA903M1 was selected. 
The amount of clamping current provided by the system 
varies in direct proportion with the potential difference 
between the membrane potential and the command potential set 
by the rest potential simulation potentiometer. Looking back 
to Figure 5» V, represents the membrane potential and V~ 
represents the command potential. Since the input impedance 
of amplifier is essentially infinite, the clamping current 
V7 I ,  _ * •%—/ P " t where R.. is the total resistance in series clamp  RQ + R, 1 
with the membrane. Since R_ = 1 X 10 ohms, the equation can 
V7 be rewritten as I ,„_ = k  • Letting error 
clamp  (1 x 107) + Ri 
potential E = (V2 - V±),  with K±  a 100, K = 1.25, and 
7 
RB = 1 X 10  , the steady state value 
(1 25 X 10 )(E) V„ = ■*—s—^—= ^v ■'■  . Combining the two equations to eliminate f
     (1 x 10') + n 
Vn,  the result is I ,   s  (1*25 X 10 )(,%)*      Aesuming a 
7 Clamp
   ((IX 107) + IL)* 
7 typical R, value of 1 X 10' ohms and an error voltage E of 
10 millivolts, the resulting clamping current would be 
18 
I     . (1>2? X 10 HI X 10—I m  31 aanoaitpera8. Thi8 cttrreat 
clamp      (2 x 107}2 
seems surprisingly snail, but tarns out to be quite large 
from a current density standpoint because of the small size 
of a single cell. 
As an example, assume a spherically shaped cell with a 
diameter of 20 microns. The surface area of the cell would be 
2 —9       2 /fUr a(1.256 X 10 7) meters . The current density would 
therefore be O*1 x 10 )  »*PB  « 25.8 amps/meter2. 
(1.256 X 10"*) meters* 
Another way to look at the current is from the standpoint 
-19 of ionic flow. Since the charge on the electron is 1.6 X 10 
coulombs, and the charge on the sodium ion is +1, 31 nano- 
amperes could move sodium ions across a boundry at a rate of 
1     —8 
O.i x 10 ) _. 1<9it x 1Qii ions/secondt In dealing with a 
(1.6 X 10 19) 
single cell, therefore, current on the order of nanoamperes 
is quite sufficient. 
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MAKING AMD TESTING OF MICHOPIPBTTE PROBES 
The micropipette probes were made using a mlcropipette 
puller from Industrial Science Associates. Ten pipettes were 
pulled starting with 1 millimeter glass tubing. Various heat 
settings and pulling forces were used thus providing a range 
of tip tapers and diameters. After the pulling operation, 
the probes were boiled in CH,OH (methanol) for 20 minutes. 
The boiling operation was performed at room temperature by 
pulling a vacuum on the flask containing the methanol and 
probes. 
Next the probes were allowed to sit in distilled water 
for a period of 2Zf hours, after which they were placed in 
3 Molar KC1 solution for an additional 72.  hours. A length 
of silver wire with a silver chloride surface was then placed 
into the untapered end of the glass tube. Silver chloride 
wire was required so that no electrochemical potential 
occured between the wire element and the 3 Molar KC1 solution. 
Size 26 gauge silver wire was placed in a 0.1 Molar HC1 
solution and was connected to the positive terminal of a 
three volt power source. The negative terminal was allowed to 
make contact with the HC1 solution by means of an aluminum 
electrode. After electrolysis for 15 minutes, the silver wire 
had a sufficient silver chloride surface to prevent battery 
action from occuring when placed into the micropipette probe. 
Once completed, the probes were tested on a basis of 
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their resistance. Probes falling in the range of 1 to 10 
megohms were considered good. Probes with less than 1 megohm 
resistance were likely to hare tip diameters sufficiently 
large to cause cell damage, and probes with resistance in 
excess of 10 megohms generally were contaminated and useless 
from an electrical standpoint. Resistance determinations were 
made by placing the micropipette probe tip into 3 Molar KC1 
solution and measuring the resistance between the solution 
and the silver chloride wire extending from the probe. 
Contact to the solution was also made with silver chloride 
wire, again preventing any battery action from occuring. 
Of the ten probes attempted, only two passed the resistance 
test. One had a resistance of 1.5 megohms and the other had a 
resistance of 3*2 megohms. These values were noted since they 
were necessary in determining the actual magnitude of the 
clamping current. The other eight probes were immediately 
discarded to prevent any confusion. Since the resistance of 
micropipette probes tend to be unstable with time and temper- 
ature, the actual clamping experiment was performed within 
minutes after the resistance measurements were made. 
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THE VOLTAGE CLAMP EXPERIMENT 
The voltage clamp experiment was performed on muscle 
tissue within the leg of the Horseshoe Crab, Limulus Polyphemus. 
An entire leg was amputated, and the cuticle that covered the 
muscle tissue of interest was dissected away. The specimen 
was then pinned down into a wax dish with straight pins such 
that the recently cut cuticle faced uppermost. Sufficient 
saline solution (filtered sea water) was added to the dish to 
just barely cover the entire specimen. The following apparatus 
was used in conjunction with the experiment: 
(1) Grass Electronic Stimulator Model S/f. 
(1) Grass Isolation Unit Model SlIUfA. 
(1) Tektronic Dual Beam Oscilloscope Model 502A. 
(1) Polaroid Camera attachment for the oscilloscope. 
(1) Voltage Clamp Apparatus (Homemade). 
(1) Glass Micropipette Probe (Homemade). 
(1) Enamelled Wire Electrical Stimulation Probe (Homemade). 
(2) Brinkman Micro-Positioners. 
(1) Bausch and Lomb Dissecting Microscope. 
A diagram of the experimental setup is shown in Figure 10. 
The specimen, isolation unit, and voltage clamper (excluding the 
hum nuller) were placed within a metal cage properly grounded 
to minimize stray 60 Hz pickup. The isolation unit provided 
DC isolation between the electrical stimulator and the specimen. 
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The electronic stimulator was used to trigger the oscilloscope. 
This allowed a single trace to occur which could then be easily 
photographed. The top oscilloscope tracing provided Tiewing 
of the stimulation pulse, with the bottom tracing giving the 
resulting voltage clamp waveform. 
The stimulation probe wires were placed on either side 
of the micropipette probe. With the aid of the microscope, 
the 1.5 megohm micropipette probe was carefully driven into 
the muscle tissue with the micropositioner. After a number of 
attempts, a steady rest potential of -20 millivolts was 
achieved, indicating that the tip of the probe was within a 
single muscle cell. Since some cell damage might have occured 
during micropipette probe penetration, the experiment was 
quickly carried out after the rest potential was observed. 
With the mode switch on the voltage clamper in position 
1, the rest potential of the cell was simulated within the 
device by turning the voltage simulator potentiometer until 
the output of the clamper was zero. The mode switch was then 
placed in position 2 and the resistance of the micropipette 
probe and membrane were simulated within the clamper by 
adjusting the resistance selector switches and potentiometer 
until the output again equalled zero. The hum nuller controls 
were then adjusted to minimize the hum appearing in the 
output. Finally, the mode switch was thrown to position 3» 
the voltage clamp mode. As expected, the output voltage was 
zero. The membrane was now ready to be stimulated. 
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The stimulator pulse duration was set to 0.75 nil11seconds 
with an amplitude of 1 volt. At this amplitude, no action 
potential occured. When the amplitude was increased to 2 
volta, an action potential did occur, and a distinct voltage 
clamp tracing was noted. 
The polaroid picture of the voltage clamp tracing is 
labelled photograph 2. Both upper and lower oscilloscope beams 
were set at a vertical sensitivity of 5 volts/cm. The hori- 
zontal sweep rate was set to 1 millisecond/cm. The 2 volt by 
0.75 millisecond stimulation pulse did not show up too well 
on the photograph. The voltage clamp inhibited action 
potential started approximately 0.70 milliseconds after the 
leading edge of the stimulation pulse. The clamper responded 
very rapidly reaching an output voltage of -8.5 volts to 
prevent the rapid influx of such ions as sodium and calcium 
into the muscle cell. The resistance in series with this 
voltage was 1.5 megohm from the micropipette probe and 10 
megohms internal to the clamper giving a total of 11.5 megohms. 
The clamping current reached a maximum of "  = 57^0 
1.15 x 10' 
nanoamperes. The clamping current proceeded to decay for a 
period of 3 milliseconds and then changed direction, reaching 
0 5 
a value of *-* = = if if nanoamperes. This current was 
1.15 X KT 
probably in response to the negative afterpotential which 
generally follows the large positive action potential spike. 
After an additional 3 milliseconds cell equilibrium returned!. 
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CONCLUSION 
The theory governing a single probe voltage clamp device 
was developed in this thesis. After some Investigation into 
the electrical behavior of living tissue during external 
stimulation, an actual single probe voltage clamp device 
was assembled and tested. 
The development of the electronic hardware required a 
great deal of effort since those problems typically encountered 
in electronic control systems such as noise, loop gain, 
frequency response, and damping factor all had to be taken 
into consideration. By simulating the electrical response of 
living tissue in the electronics laboratory, it was possible 
to totally "debug" the electronics before they were interfaced 
with living matter. 
After gaining the necessary experience in the making of 
micropipette probes and in the dissecting of the Horshoe Crab, 
the voltage clamp device was successfully operated within the 
framework of this thesis. It was not attempted to engage in 
any cell-physiological research, so the actual validity of 
the device was not fully established. 
It is my hopes that others will expand upon the 
methodology developed here and that the single probe technique 
will prove useful in those situations where the dual probe 
method has not been practical or feasible. 
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FIGURE 1 
MICROPIPETTE PROBE INSERTED INTO A CELL 
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FIGURE 2 
FIGURE 2a - SCHEMATIC of CELL/PROBE COMBINATION 
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FIGURE 2b - SIMPLIFIED SCHEMATIC 
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R..: Micropipette electrode resistance. 
R2: Micropipette electrolyte resistance. 
R,: Cell internal resistance. 
R, : Extracellular fluid resistance. 
R,.: Reference electrode resistance* 
E, : Potential at micropipette electrode/electrolyte interface. 
E_: Potential at electrolyte/cytoplasm interface. 
E,: Potential across cell membrane. 
E, : Potential at extracellular fluid/ref. electrode interface, 
C, : Distributed capacitance between Rp and R,. 
CpS Effective lumped capacitance equivalent of C... 
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FIGURE 3 
BASIC CIRCUIT DIAGRAM FOR THE CLAMPER 
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FIGURE % 
V3 in TERMS of VI & V7 
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FIGURE 5 
CONSTRUCTING THE ELECTRICAL ANALOG OF THE CELL/PROBE 
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FIGURE & 
NEUTRALIZATION 
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FIGURE 9 
MAIN CLAMPER CONTROL UNIT 
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FIGURE 10 
EXPERIMENTAL SETUP 
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PHOTOGRAPH 1 - VOLTAGE CLAMP INSTRUMENTS 
■*7 "St*!"** 
PHOTOGRAPH 2 - VOLTAGE CLAMP TRACING 
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and data reduction equipment that will be applicable to all the 
chroaatographlc disciplines as well as atonic absorption and 
spectrophotometry. 
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